four developmental stages for cDNA library construcusing oligonucleotides complementary to the respective RNA sequence (for selected examples, see Figure 1 ). We tion: the seedling, the adult plant, and two intermediate growth states. Equal amounts of total RNA prepared determined abundance and size of snmRNA candidates from A. thaliana. In most cases, as observed for other from the four different growth states were size selected (from 50-500 nt) on denaturing PAGE and reverse tranlibraries, sizes of RNAs as determined by Northern blot analysis were larger compared to the sizes of the rescribed for cDNA library construction (see the Experimental Procedures in the Supplementary Material availspective cDNAs. This is due to the library construction strategy (see the Experimental Procedures in the Supable with this article online).
Subsequently, we spotted PCR-amplified DNA fragplementary Material), which interferes with cloning of the very 5Ј ends of novel snmRNA species, or to the fact ments from 30,000 cDNA clones in high-density arrays on filters. Filters were hybridized with radiolabeled oligothat RNA structure or modification impeded a complete conversion of the snmRNA into cDNA. Therefore, our nucleotides directed against the most abundant known snmRNAs. By this approach, we avoided redundant sesequences resemble ESTs (expressed sequence tags) of mRNAs, and we therefore designated them as ERNS quencing of known snmRNAs or rRNA fragments. A total of 5000 clones exhibiting the lowest hybridization scores (expressed RNA sequence) in our tables (Tables 1 and 2 ). were sequenced. The sequences that did not map to a In order to identify candidates for novel snmRNAs that previously annotated gene were considered as potential are specifically expressed at certain stages of developcandidates for novel snmRNAs. A total of 140 clones ment, we have constructed the cDNA library from four were assigned to this group. developmental growth phases of A. thaliana (see above). We did not detect a strictly developmentally specific expression of the RNA species for any of the snmRNA Expression, Abundance, and Developmental Regulation of Novel snmRNAs candidates. In some cases, however, snmRNAs were somewhat more stongly expressed at stage I (the seedTo analyze the expression of the 140 candidates for novel snmRNAs, we performed Northern blot analyses ling) compared to stage IV (the adult plant) or vice versa (see Figure 1 ). Subsequent to Northern blot analysis, we grouped candidates for novel snmRNAs based on known sequence or structure motifs (Class I snmRNAs, Table 1 ) or the lack of these (Class II snmRNAs, Table 2 ).
Class I snmRNAs Exhibiting Known Sequence or Structure Motifs
From our library, 104 cDNA sequences could be assigned to Class I RNAs with known sequence or structure motifs (Table 1 and Table 1 ) that is consistent with the one applied to previously identified snoRNAs in A. thaliana (nomenclature according to John Brown, Scottish Crop Research Institute, Dundee, UK) was used. Interestingly, the two exceptions, Ath-151 and Ath-313, which are located in an intron or the 3Ј untranslated region of a protein-coding gene, respectively, are not predicted to target rRNA but are predicted to target spliceosomal RNAs U2 and U5, respectively (see below). This is the first report of snoRNAs in plants that are able to modify RNA species other than ribosomal RNA. Importantly, the predicted methylations, Cm29 in U2 and Gm41 in U5, have also been experimentally verified in plants [19] .
Four snmRNAs displaying all the canonical motifs of bona fide C/D box snoRNAs (including a 4-to 7-bp terminal stem) do not have a cognate target within A. thaliana rRNAs or snRNAs (Table 1, Group 1). These novel snoRNAs species might target other non-protein- 
Group 2: H/ACA Box snoRNAs
As observed for C/D box snoRNAs, two novel H/ACA snoRNA candidates that are able to target U2 or U5 H/ACA snoRNAs direct the formation of the 50-100 pseudouridines generally found in eukaryal rRNAs [16, snRNAs for pseudouridylation were identified in our screen (see Figure S1 ). In our A thaliana screen, a total of 39 novel members of Four snmRNAs, designated as Ath-210, Ath-458, Ath-488, and Ath-637, exhibiting all the canonical structure H/ACA box snoRNAs have been found. They are mostly located in intergenic regions of the genome (Table 1, and sequence motifs of bona fide H/ACA box snoRNAs lack complementarity to rRNAs or snRNAs within their Group 2), in contrast to vertebrate H/ACA box snoRNAs, which are exclusively located in pre-mRNA introns [17, pseudouridylation pockets. In analogy to three C/D box snoRNAs identified in our screen, which also lack the 18]. Intriguingly, however, the proportion of A. thaliana H/ACA snoRNAs that are intron derived ( (Table 1 , Group 3) always refers to and the yeast S. cerevisiae shows that a substantial fraction of them are conserved in all or a subset of these the closest match of the novel snmRNA to all previously reported U snRNA isoforms. The degree of similarity organisms [24] . This provides a useful background for an indirect assessment of A. thaliana predicted sites.
ranges from 87% (Ath-16a) to 98% (Ath-227c). Group 4: 7SL Homologs As detailed in Table 1 , a large fraction of them correspond to phylogenetically conserved pseudouridines, In analogy to U snRNA homologs, we could also identify two novel snmRNA species that are related to 7SL RNA experimentally determined in other model organisms, which supports the predicted modification in A. thaliana.
( Table 1 Table 1 ). The base changes within Ath-29 and even able to target three pseudouridylation sites, since its 3Ј pseudouridylation pocket exhibits complementarAth-383 snmRNAs, compared to previously found 7SL RNA species, either preserve the canonical secondary ity to two different sites in 18S rRNA (the 5Ј pseudouridylation pocket targets still another site in 18S rRNA).
structure of 7SL RNA (data not shown) or are located Phe but contains about 13 nt of non-tRNA-related tissue-specific expression in addition to the analysis of sequence instead. Surprisingly, Ath-74 snmRNA can be their developmental expression described above. We folded into an extended rod-like stem structure rather isolated total RNA from four different tissues of the plant: than the canonical cloverleaf structure observed for the root, the stem, the leaf, and the flower. Northern blot tRNAs (see Figure S2 in the Supplementary Material).
analysis was performed for each Class II snmRNA for Still, the RNA contains, for example, a mature CCA end, all four different tissues. indicative that at least parts of the tRNA-processing Surprisingly, 15 members from Class II snmRNA canmachinery is able to recognize the tRNA-like features didates exhibited a tissue-specific expression pattern of the Ath-74 sequence.
or were expressed preferentially in certain tissues of the plant (Figure 3 ). This applies to snmRNAs from any of the three subgroups, candidates from intergenic regions, Class II snmRNAs Lacking Known Sequence intron-encoded snmRNAs, and those derived from anor Structure Motifs notated coding regions of the Arabidopsis genome. In Class II contains 36 representatives of candidates for snmRNAs in A. thaliana, which are devoid of known many cases, expression could be observed either mainly (Table 2) . A lower identity from Class II, we also searched for homologs in other would be expected if protein-coding sequences were plant species to obtain information regarding their evoconserved, because third position mutations should lutionary conservation. The sequence similarity search easily arise. Taken together, these observations support is hampered, however, by the lack of a plant genome the possibility that several Class II sequences correclosely related to Arabidopsis thaliana. The only comspond to non-coding RNA genes. As more sequence plete genomic sequence at hand is that from the monoinformation becomes available from additional more cot plant rice (Oryza sativa), which is, however, only very closely related plant species, we will be able to examine distantly related to the dicot Arabidopsis thaliana. alignments of additional Class II genes. The Class II sequences were compared to sequence Group 1: snmRNAs from Intergenic Regions databases to identify potential homologs. Nine of the From the 36 Class II candidates for snmRNAs, 29 map to Class II sequences showed significant similarity to seregions between protein-coding genes on the A. thaliana quences from other plant species (sequence similarity genome ( Table 2 , Group 1). Of these, 20 are encoded ranging from 86% to 100%, Table 2 ). In several cases, by the nuclear, 4 are encoded by the mitochondrial, and the similar sequences are cDNAs providing support for 5 are encoded by the chloroplast genome (Figure 4) . conserved expression. The alignments with potential Mitochondria and chloroplasts each contain a circular orthologs are consistent with these Class II sequences genome with a size of about 376 kb or 154 kb, respeccorresponding to conserved non-messenger RNAs tively. In mitochondria, three out of four snmRNA candigenes (a representative example shows an alignment dates map not only to the mitochondrial but also to the of Ath-237 with a genomic sequence from the dicot nuclear genome on chromosome 2 (Table 2) due to a Brassica oleracea and cDNA sequences from Glycine max and Oryza sativa; see Figure S3 in the Supplemengene duplication event involving parts of the mitochon-drial genome on chromosome 2 [25] . In addition, novel Incorrectly Annotated snmRNA Genes in the A. thaliana Genome snmRNA genes are, in most cases, also present in two copies on the mitochondrial genome (Figure 4) . During the course of our work, we also have identified, in addition to known, correctly annotated protein-coding In contrast to snmRNA candidates mapping to the mitochondrial genome of A. thaliana, the five snmRNAs or RNA genes, several tRNA genes, which were found to be wrongly annotated on the genome of A. thaliana. mapping to the chloroplast genome lack counterparts within the nuclear genome. In addition, unlike in mito-
The genes for these six tRNAs are shown in Table S1 ( small, stable RNAs (see Figure S2) . Such stem structures located within the 3Ј UTRs of mRNAs have been pre-
